The acid-base properties of 1,5-bis(2-hydroxybenzaldehyde)carbohydrazone (H 4 L) and its thioanalogue 1,5-bis(2-hydroxybenzaldehyde)thiocarbohydrazone (H 4 L S ) have been studied experimentally by pH-potentiometry and UVvis spectrophotometry and theoretically by using DFT methods. = 1,5-bis(2-hydroxybenzaldehyde)carbohydrazone, have been synthesised. Complexes 13 have been characterised by elemental analysis, IR spectroscopy, ESI mass spectrometry, cyclic voltammetry, magnetic susceptibility measurements and X-ray diffraction, while 4 and 5 only by X-ray crystallography. X-ray diffraction revealed that the ditopic triply deprotonated ligand possesses two binding sites able to accommodate transition metal ions, namely ONN and ONO. Magnetic measurements showed antiferromagnetic interactions between copper(II) centres. Highlights ► Experimental and calculated pKa values for 1,5-bis(2hydroxybenzaldehyde)carbohydrazone and 1,5-bis(2-hydroxybenzaldehyde)thiocarbohydrazone were reported and discussed. ► Five new copper(II) complexes with 1,5-bis(2-hydroxybenzaldehyde)carbohydrazone were synthesised and characterised. ► Formation of 1D, 2D and 3D supramolecular arrays was shown by X-ray crystallography. ► There are antiferromagnetic interactions among the adjacent copper ions in complexes prepared.
Abstract
The acid-base properties of 1,5-bis(2-hydroxybenzaldehyde)carbohydrazone (H 4 L) and its thioanalogue 1,5-bis(2-hydroxybenzaldehyde)thiocarbohydrazone (H 4 L S ) have been studied experimentally by pH-potentiometry and UVvis spectrophotometry and theoretically by using DFT methods. Copper(II) complexes [Cu 2 (HL)(DMSO) 2 (5) , where H 4 L = 1,5-bis(2-hydroxybenzaldehyde)carbohydrazone, have been synthesised. Complexes 13 have been characterised by elemental analysis, IR spectroscopy, ESI mass spectrometry, cyclic voltammetry, magnetic susceptibility measurements and X-ray diffraction, while 4 and 5 only by X-ray crystallography. X-ray diffraction revealed that the ditopic triply deprotonated ligand possesses two binding sites able to accommodate transition metal ions, namely ONN and ONO. Magnetic measurements showed antiferromagnetic interactions between copper(II) centres.
Introduction
The synthesis of high nuclearity transition metal complexes continues to attract the attention of researchers. The nuclearity of clusters is difficult to control, and synthesis of such systems requires an ingenious approach to the design of the ligands used. Polytopic ligands having well-defined and separated binding sites are suitable for synthesis of complexes with a predefined nuclearity. Ligands with hydrazone groups connected by oxalic or malonic central fragments are well-documented in the literature. 1, 2, 3, 4 Carbohydrazide, the symmetrical derivative of hydrazine and carbonic acid, could serve as a perfect candidate for synthesis of ditopic ligands suitable for further assembly of polynuclear systems. Carbohydrazones have previously served as building blocks in the self-assembly of tetranuclear iron(II), nickel(II), cobalt(II), zinc(II) and cadmium(II) molecular squares, 5, 6, 7, 8, 9 with those of iron exhibiting interesting spin transitions.
Reactions of 1,5-bis(2-pyridylmethylene)carbohydrazide with copper(II) and nickel(II) produced dinuclear complexes. 10, 11 New square self-assembled tetranuclear Ln(III) grid motifs have been prepared, using construction principles developed for first row transition metal ions. 12, 13 Unusual combination of bridging O hydrazone groups, azides, and a central μ 4 -O bridge in a Dy(III) 4 grid led to SMM behaviour, with significant barriers to magnetisation reversal, and two clearly discernible relaxation processes.
For carbohydrazones two tautomeric forms are possible: keto and enol. 14 keto form adopting syn configuration as found by X-ray crystallography studies. 15, 16, 17, 18 There are also a few reports on dioxomolybdenum(VI) and diorganotin(IV) complexes with H 4 L 19,20 and on copper(II) complexes with related ligands containing tert-butyl groups in positions 3 and 5 of 2-hydroxybenzaldehyde moiety. 21 These reported compounds are monoor dinuclear, while the thioanalogue bis(2-hydroxybenzaldehyde)thiocarbohydrazone (H 4 L S ) forms azine-bridged octanuclear copper(II) complexes. 22 The two reported 24-membered metallamacrocycles are unique examples where the ligands use their donor capacity in an unprecedented manner for thiocarbohydrazone coordination chemistry. In an attempt to enlarge this very small family of ligands we were interested to investigate whether related carbohydrazone ligands are also able to fully use their donor ability by deprotonation of dissociable functional groups and to compare the acid-base behaviour of H 4 
Experimental section
Materials. All reagents were used as received from Aldrich.
Synthesis of Ligands. 1,5-Bis(2-hydroxybenzaldehyde)carbohydrazone (H 4 L) was prepared by a slight modification of the procedure reported previously. 23 Briefly, a mixture of 2hydroxybenzaldehyde (1.1 ml, 10.0 mmol) in ethanol (20 mL) and carbohydrazide (0.45 g, 5.0 mmol) in water/ethanol 1:2 (20 ml) was refluxed for 1 h. The white solid formed was filtered off, washed with ethanol (5 ml), diethyl ether (5 ml) and dried in air. Yield: 1.42 g (90%). Anal. Calcd for C 15 according to the method suggested by Irving et al. 24 The average water ionisation constant, pK w , is 16.15 ± 0.01 in DMSO/water 60:40 (w/w) and 14.53 ± 0.05 in DMSO/water 30:70 (w/w) at 298 K, which corresponds well to the literature data. 25 Samples were deoxygenated by bubbling purified argon through the solutions for ca. 10 min prior to the measurements. have been used as the starting geometries without any conformational search for the sake of simplicity. In this way obtained structures have been re-optimised in aqueous solution by a standard Polarisable Conductor Calculation Model (CPCM) treatment using the radii from the UFF force field. 27, 28 The stability of all optimised structures has been tested by vibrational analysis (no imaginary vibrations). All calculations have been performed at B3LYP/6-311++G** level of theory using Gaussian03 software. 29 The pK a value of the acid dissociation reaction 30, 31, 32, 33 HL
in an aqueous solution (subscript "aq") is defined as pK a = log K a = ΔG* a,aq /(2.303 RT)
where K a is the equilibrium constant of the deprotonation reaction of the ligand (1), R is a universal gas constant, T is the absolute temperature and ΔG* a,aq is the corresponding free 
where the superscript " o " represents a standard state of a gas at standard pressure (1 atm) and T = 298.15 K with G o (H + gas ) = 6.28 kcal/mol (as obtained from Sackur-Tetrode equation at standard pressure and temperature) may be used for this purpose. 30, 31, 32, 33 The transfer of X = HL, H + or L  from gas to solvent is energetically characterised by the free energies of solvation G solv (X) = G*(X aq )  G o (X gas )
Using a simple thermodynamic cycle with gas phase data, 30, 31, 32, 33 ΔG* a , aq can be expressed as G* a,aq = G o a,gas +G solv + G o→*
G solv = G solv (H + ) + G solv (L  )  G solv (HL)
where G o→* = RT ln 24.46 (8) is the free energy change associated with the change of standard state that uses the pressure of 1 atm in the ideal gas phase and 1 M in the aqueous phase, to a standard state that uses the concentration of 1 mol per liter in both the gas and aqueous phases (ΔG o→* amounts to 1.894 kcal/mol at 298 K). We then use these free energies (G o a,gas + ΔG solv ), along with the literature value ΔG solv (H + ) = −272.2 kcal/mol 30, 31, 32, 33 to compute the pK a values using eqs. (2) and (6) .
We have calculated ΔG solv (X) as the energy difference in the solution and gas phase for the optimal X geometry in solution. 30, 31, 32, 33 Muckerman et al. 30 found that in this way calculated pK a,aq,calc data suffer from a systematic error in the solvation model (especially for higher anion charges) and proposed a twoparametric linear scaling pK a,aq,scal = a + b pK a,aq,calc (9) with a = 1.47 and b = 0.52 for B3LYP/6-311++G** level of theory and CPCM solvent treatment using the radii from the UFF force field. Alkorta et al. 33 successfully used analogous linear relation for the transfer of experimental pK a values of carbon acids between aqueous and DMSO solutions.
Crystallography. The X-ray diffraction measurements were carried on a Bruker X8 APEXII (1, 2 and 4) and Bruker D8 VENTURE (3 and 5) CCD diffractometers using graphite monochromated MoKα radiation (λ = 0.71073 Å) at 100(2) K. The data were processed using SAINT software. 34 The structures were solved by direct methods and refined by full-matrix least-squares techniques. Non-hydrogen atoms were refined with anisotropic displacement parameters. H atoms were placed at calculated positions and refined as riding atoms in the subsequent least-squares model refinements. The positional parameters of OH and NH hydrogen atoms were found from difference Fourier syntheses and verified by the geometric parameters of the corresponding hydrogen bonds. The following computer programs and hardware were used: SHELXS-97, SHELXL-97 35 and an Intel CoreDuo personal computer.
Crystal data, data collection parameters, and structure refinement details for 1−5 are summarised in Table 1 .
Magnetic susceptibility. The magnetic susceptibility data for all compounds were collected in a temperature range of 2 -300 K under an applied field of 1 T on powdered microcrystalline samples with a SQUID magnetometer (MPMS-7, Quantum Design).
Experimental susceptibility data were corrected for the underlying diamagnetism using 
where n is the number of reflections and p is the total number of parameters refined.
Results and discussion
Synthesis. Table 2 . 37, 38 Additionally, both pK a values of the ligands are decreased if the DMSO content in the solvent mixture is diminished (Table 2) , which corresponds well to the expectations based on the Born electrostatic solvent model, 39 namely the pK a of the anionic bases (such as the phenolate groups) is increased in the presence of DMSO compared to pure water due to the charge neutralisation by protonation. Therefore, the pK a values obtained in the 30% and 60% (w/w) DMSO/H 2 O mixtures were plotted against the reciprocal value of the relative permittivity (or dielectric constant, ε r ) of the medium (Figure 2 ) and on the basis of the negative slopes pK a of both ligands in pure aqueous phase were extrapolated from the values obtained in the DMSO/H 2 O mixtures ( Table 2 ). Based on these data it can be concluded that the studied Table 3 ).
Our results indicate that in the first step the deprotonation of the hydrazinic group is preferred over that of the phenolic one. This can be explained by OH•••N hydrogen bonding. Table 3 ). It is evident that the energy changes between deprotonated species increase with the degree of deprotonation. 
where the coefficients c = 4.22±0.51 and d = 1.464±0.060 (with R-squared = 0.9967, std. deviation = 0.92, n = 6) have been obtained by the linear regression of the experimental pK a,aq values of the compounds in the training set of Muckerman et al. 30 for which the analogous pK a,DMSO values are known 41 (see Table S1 and Figure S3 in Supplementary Information).
Our coefficients are very similar to those obtained by Alkorta et al. 33 Table 5 . (6) Two copper(II) atoms, one square-planar Cu1 and the other square-pyramidal Cu2 ( 5 = 0.18), 42 and coordinated water molecules as proton donors and co-crystallised water molecules and NO 3 − counterions as proton acceptors. As a result, the main crystal packing motif can be characterised as a 3D supramolecular aggregate, as shown in Figure S6 . Details of the hydrogen bonding parameters are given in Table S2 . Table 7 indicate that the Schiff base ligand is in the enolate form, as observed for above described complexes. Two adjacent centrosymetrically related complex cations are interacting through hydrogen bonds between the coordinated water molecules as proton donors and coordinated phenolate and DMF oxygen atoms as proton acceptors, resulting in the formation of a tetranuclear supramolecular unit, as shown in Figure S7 . (Table S2 ) with the participation of HSO 4  counterions and noncoordinated water molecules. The formation of twodimensional supramolecular layers running parallel to ab plane is shown in Figure S8 . (Figure 7b ). Selected geometrical parameters are listed in Table 8 . Figure S9 ). Hydrogen bonding parameters are given in Table S1 . (Figure 8) , which resembles the structure of 2. Selected geometrical parameters are listed in Table 9 . The Cu1 and Cu2 are separated at 4.8151 (5) Figure S10 . Further aggregation of the crystal structure occurs through hydrogen bonding with the participation of the HSO 4  counterion, giving a 3D supramolecular architecture ( Figure S11 ). The hydrogen bonding parameters are listed in Table S2 . with the values quoted in the text.
Complex 2 at room temperature shows a  M T-value of 0.91 cm 3 K mol 1 , which is lower than the expected one of 1.50 cm 3 K mol 1 for four uncoupled spins with S 1 = S 2 = S 3 = S 4 = 1 / 2 ( Figure 11 ). By lowering the temperature the  M T-value also decreases reaching a value of ≈ 0 cm 3 K mol 1 at 2 K. This indicates dominant antiferromagnetic interactions between the paramagnetic centres. The magnetic data can be simulated satisfactorily by applying the isotropic exchange Hamilton operator Ĥ = -2J ij Σ Ŝ i Ŝ j , with the model depicted in Figure S12 .
Two different coupling constants have to be taken into account, due to the different bridging mode between Cu1 and Cu2 (Cu3 and Cu4) and Cu2 and Cu2' (Cu3 and Cu3'). The two noncrystallographically symmetric tetrameric units were treated as equal, because of unsignificant differences in bond distances and angles. The couplings via O1/O6 to the next tetranuclear units to form chains were neglected, because of the expected small coupling constants by bridging via a non-magnetic orbital (d z 2 ). The best simulation was obtained with J 1 = 92.10 cm -1 , J 2 = 131.69 cm -1 and g 1 = g 2 = g 3 = g 4 = 2.00, with the agreement factor R = 3.59 × 10 −2 . A paramagnetic impurity (10% with S = ½ and θ = 6.0 K) has to be included to obtain a good simulation. Nearly identical antiferromagnetic interaction of 77.34 cm 1 and 78.14 cm 1 was observed for the copper ions connected via the NN bridges in 1 and 3. For 2 a slightly stronger antiferromagnetic interaction of 92.10 cm 1 was found, which is in good agreement with the values reported in the literature. 43, 44, 45 Strong antiferromagnetic interactions between the copper ions are determined by the twist angle of the two magnetic planes of the copper ions, which are nearly coplanar for the complexes studied. The differences in the strength of the antiferromagnetic interactions observed for 1, 3 and 2 are based on the different coordination modes of the copper ions. In 1 and 3 one copper ion has a square-pyramidal or a squareplanar coordination geometry respectively, while in 2 both copper ions are five-coordinate. In addition, the interaction via the two µ 2 -phenolato bridges was taken into account for 2. The estimated value of 131.69 cm 1 is in good agreement with the values reported in the literature. 46 Electrochemistry. The cyclic voltammograms of 1 (in DMSO), 2 and 3 (in DMF) containing 0.2 M TBAPF 6 as a supporting electrolyte using a platinum wire working electrode are shown in Figure 13 . The redox potentials are quoted against the decamethylferrocenium/decamethylferrocene couple (DmFc + /DmFc). DmFc was added as an internal standard after voltammetric measurements of 13. The electrochemical properties of all three complexes are comparable. Upon reduction two distinct reduction peaks were observed in the cathodic region. The second reduction peak arises at more negative potentials and the separation between the first and the second reduction waves is around 50 mV for all three complexes. A marked cathodic shift in the redox potential from E p/2 = -0.42 V to E p/2 = -0.67 V vs DmFc + /DmFc couple occurs on passing from 3 to 2. Even more negative first redox potential was observed for 1 with E p/2 = -0.71 V vs DmFc + /DmFc. the difference between the reduction potentials reflects the strength of the interaction between the copper(II) centers. 47, 48 Controlled potential electrolysis performed at the first reduction peak for investigated samples 1−3 indicates the consumption of one electron per 2 : 1 copper to ligand species (n = 0.9). One electron reduction was also confirmed by comparison of the reduction wave height of equivalent amounts of decamethylferrocene (DmFc) and the investigated complexes (see Figure S13 for complex 3 as an example). DmFc oxidation is a one electron process and similar peak currents indicate the one electron reduction for 1−3 at first cathodic peak (given similar diffusion coefficients). The corresponding metal-free ligand H 4 L is reduced at more negative potentials when compared to the corresponding dicopper(II) complex (see red line in Figure S13 ). Therefore the first reduction wave for 1−3 can be attributed to Cu(II)-Cu(II) + e  Cu(II)-Cu(I) process. This was also clearly corroborated by ESR-spectroelectrochemistry. Complexes 1−3 in DMF at room temperature were EPR silent, confirming the presence of strong antiferromagnetic interaction between the paramagnetic copper(II) ions found from the temperature dependence of magnetic susceptibility. Upon reduction at the first cathodic peak an ESR signal due to paramagmetic Cu(II) nuclei arises ( Figure S14 
